New plastic crystals of NEt 3 PrBBu 4 and NEt 2 Pr 2 BBu 4 were formed in a new region of ionic plastic crystal. In this area, globular cations and anions are assembled by weak interactions. Differential scanning calorimeter (DSC) measurements of these salts showed a low entropy change of 19.6 and 14.0 J K −1 mol −1 at each melting point, respectively. On the basis of solid-state 1 H and 13 C nuclear magnetic resonance (NMR) spectra and electrical conductivity measurements, isotropic reorientation and ion transfer of globular cations and anions were detected in these crystals. The other compounds of NEt x Me (4−x) BBu 4 (x = 1 -3) showed tumbling motions and low activation energies of self-diffusion in crystals.
Introduction
Plastic crystals are soft materials in solids. Since the constituents are isotropically rotated at each crystallattice point, small entropy changes at each melting point (∆S mp < 20 J K −1 mol −1 ) and a large ∆S value at a transition temperature between solid phases can be detected [1] . In addition, self-diffusion of constituent particles is observed in plastic phases. This translation causes plasticity in solid substances. A plastic crystal can be classified as either ionic or molecular based upon its constituent particles. In molecular plastic crystals, globular molecules, e. g. fullerene, adamantane, tetrachloromethane, etc., have plastic phases [2 -9] . The globular molecular shapes and weak intermolecular attractions are key points for isotropic reorientation and self-diffusion of molecules with low activation energies. In contrast, ordinal ionic plastic crystals are formed by a globular ion and a non-globular counter ion with formulas MNO 2 (M = K, Rb, Cs, Tl, and NH 4 ) [10 -24] , [C 5 H 10 N(CH 3 ) 2 ]SCN [25] , N(CH 3 ) 4 N 3 [26] , piperidinium X (X = ClO 4 , PF 6 , NO 3 ) [27, 28] , etc. Based on nuclear magnetic resonance (NMR) studies of MNO 2 , a revolving door model has been proposed for ionic translation [23, 29] . In this model, isotropic reorientation rates of the plane anion (the revolving gate) are slow enough for the cation (the human) to diffuse through the plane formed by the anions. From the translating cation's point of view, the anions appear frozen. That is, the translation model is the difference between molecular and ionic plastic crystals. The difference is caused by constituents' shapes and strengths of interactions acting on particles. Based on this fact, we have proposed a new type of ionic plastic crystal in which a globular cation and anion perform isotropic reorientation if the Coulomb force among the ions is weak enough [30] . In the new region of plastic crystal, we have succeeded in showing the new type of ionic plastic crystals as reported for NR 4 BEt 3 Me (R = Me, Et) and NEt x R (4−x) BEt 3 Me (R = Me, Pr. x = 1 -3) [30] . In contrast, NR 4 BBu 4 (R = Me, Et, Pr, Bu, Pen) salts have no plastic phases [31] . In this study, we treated NEt x R (4−x) BBu 4 (R = Me, Pr. x = 1 -3) crystals, in order to investigate ionic plastic crystals and reveal ionic dynamics in the crystals. 
Experiment
Crystals of NEt x R (4−x) BBu 4 (R = Me, Pr. x = 1 -3) were prepared by adding LiBBu 4 into NEt x R (4−x) Br in aqueous solution. For preparation of LiBBu 4 , the previously reported recipe [32] Density functional theory (DFT) simulation was performed to assign NMR peaks and to estimate linewidths observed on 1 H and 13 C NMR spectra. As it has been demonstrated in the previous report [30] that a B3LYP/6-311+G * * function in the Gaussian 03 computer program [33] can explain the 13 C NMR chemical shift (CS) values and line-widths observed in alkylammonium ions and a BEt 3 Me − ion well, the same procedure was used in this study. (whole measurements were started at the low temperature) is due to instrument noise. In this paper, the symbols T mp and T tr1 , T tr2 , etc., are employed to indicate the phase-transition temperatures at the melting point and in solid phases moving from higher to lower temperatures; and Phase I, Phase II, etc., are used to designate the solid phases from the highest-temperature solid-phase of each crystal. Entropy changes at the melting point (∆S mp ) and at each transition temperature (∆S tr1 and ∆S tr2 ) obtained in each crystal are listed in Table 1 . Small ∆S mp values satisfying the condition of plastic crystal (< 20 J K −1 mol −1 [1] ) were obtained in NEt 3 PrBBu 4 and NEt 2 Pr 2 BBu 4 . In addition, large entropy changes in solid phases were recorded in these two compounds. In the case of NEt 2 Me 2 BBu 4 and NEt 3 MeBBu 4 , small ∆S mp values of 24.7 and 25.3 K −1 mol −1 were observed. Therefore, it can be considered that ionic motions with a large degree of freedom exist in their solid phases.
Results and Discussion

Results of DSC and Electrical Conductivity
The results of electric conductivity (σ ) measurements are plotted in Figure 2 . Because the NEtPr 3 BBu 4 crystal indicated a low T mp of 295.2 K, temperature dependences of σ values could not be obtained. In the case of NEt x Me (4−x) BBu 4 (x = 1 -3) crystals, negative slopes were observed in the narrow temperature range. These changes can be attributed to effects of phase transition, because T tr1 and T tr2 were detected at these temperature ranges. A function of log(σ T ) shows the activation energy (E a ) of ionic diffusion by the following relationship:
Plotting log(σ T ) as a function of T −1 , the slope gives the activation energies. The obtained E a values are summarized in Table 1 Figure 3 . In the case of NEtMe 3 BBu 4 , the 1 H MAS NMR lines recorded at 295 K showed broad peaks as displayed in Figure 3a . These peak intensities increased with temperature and new peaks were recorded in Phase II. Eight sharp signals were recorded on the 1 H MAS NMR spectrum at 350 K. This number is inconsistent with the chemical formula of NEtMe 3 BBu 4 , because spinning-side-band (SSB) signals would be recorded at 16.7 ppm intervals from an isotropic signal in the measurement condition of MAS = 10 kHz at 600.13 MHz. In addition, two broad lines were recorded at ca. 1.5 and 3.3 ppm in the whole temperatures. Based on these results, it can be concluded that NEtMe 3 BBu 4 has a few sites in the crystal: Certain cations and anions have motions reducing 1 H − 1 H dipole-dipole interactions and the others are restricted in the crystal. In the case of 13 C MAS NMR spectra, chemical-shift-anisotropy (CSA) line-shapes were recorded on the static spectrum at room temperature as shown in Figure 3b . This result is consistent with that of the 1 H MAS NMR spectrum at 295 K: Ionic motions are restricted at room temperature. The signals detected in a range from 50 to 70 ppm can be assigned to carbon atoms of N(CH 2 CH 3 )(CH 3 ) Conversely, the line-breadth observed at 39.8 ppm (this signal is assignable to the α-C atoms in the BBu − 4 ion) was similar to the calculated value of 37.22 ppm. Comparing the 13 C CP/MAS and MAS NMR spectra, the peak intensities of the anion were enhanced by the CP method, although the signals of the cation were independent. The later result also supports the tumbling motions of the cation, because overall motions modify the Hartmann-Hahn condition [34] . In the case of the anion's peak, the recorded line-width at 30.5 ppm became large after T tr2 . In general, the line-width of 13 C MAS NMR spectra is determined by CSA, dipole-dipole interaction, distribution, etc. As natural abundant samples and 1 H decoupling pulse sequence were employed in this study, it can be considered that there are some sites for anions in the crystal (CSA is generally reduced with increasing temperatures). This result is also consistent with the model in which the NEt 3 MeBBu 4 crystal has some ion sites. Based on the NMR results and small ∆S tr1 of 8.7 J K −1 mol −1 , it can be considered that both the cation and anion have no isotropic reorientation in Phase I.
In the case of the NEt 2 Me 2 BBu 4 crystal, two broad signals were obtained on the 1 H MAS NMR spectra in Phase II as shown in Figure 3c . With increasing temperatures, new peaks were recorded at − 0.02, 0.92, and 1.28 ppm in Phase I. These signals can be attributed to the hydrogen atoms of the BBu − 4 ion, therefore, it can be considered that the anions are restricted in Phase II and perform overall motions with large amplitudes in Phase I. Since the other signals detected at 1.58, 3.16, and 3.51 ppm in Phase I were attributable to the hydrogen atoms of NCH 2 CH 3 , NCH 3 , and NCH 2 CH 3 in the NEt 2 Me + 2 ion, respectively, the cation also has overall motions with large amplitudes. The intensities of 13 C MAS NMR signals at 16.0, 30.1, and 31.4 ppm, which can be assigned to anion's peaks, were increased by applying the CP pulse sequence in Phase II as displayed in Figure 3d . These anion's peaks accompanied with SSB lines. In contrast, CP effects were not prevalent and small line-widths were recorded in Phase I. These results suggest that the anion performs overall motions with large amplitudes in Phase I. This conclusion is consistent with the 1 H MAS NMR spectra results. In the case of the cation's peak, the signal intensities were decreased by applying the CP pulse sequence, therefore, it can be considered that the cation also performs overall motions (tumbling) with large amplitudes in Phase I. Similar tendencies were found on the 1 H and 13 C NMR spectra of the NEt 3 MeBBu 4 crystal as displayed in Figure 3e and Figure 3f . The 1 H MAS NMR signals of NEt 3 MeBBu 4 became narrow and intensities of the anion's peak at − 0.06 (BCH 2 C 3 H 7 ), 0.91 (BC 3 H 6 CH 3 ), and 1.26 ppm (BCH 2 C 2 H 4 CH 3 ) increased with temperature. 13 C NMR line-intensities of the cation were independent of the CP method, although those of the anion were enhanced at 295 K. As SSB signals were observed in the 13 C MAS NMR spectra until 320 K, it can be concluded that there is no isotropic rotation in the crystal. Based on these results, it can be considered that the similar motions of the cation and anion are observed in NEt 2 Me 2 BBu 4 and NEt 3 MeBBu 4 . Figure 4a . The static spectrum of 13 C nuclei showed narrow signals as shown in Figure 4b . These line-widths are clearly smaller than those of the other salts without NEt 2 Pr 2 BBu 4 and NEtPr 3 BBu 4 treated in this study. Additionally, there were little CP effect on signal intensities and no SSB lines. Based on the NMR and DSC results, it can be concluded that both cation and anion perform isotropic reorientation in the crystal.
NMR Results of NEt
In the case of NEt 2 Pr 2 BBu 4 , the melting point was observed at 307.9 K, therefore spinning ratio dependences of 1 H MAS NMR spectra were measured at room temperature. Independent spectra on MAS speeds were obtained as displayed in Figure 4c . This result suggests that the dipole-dipole interaction among the hydrogen atoms is reduced by ionic motions at ambient temperature. In addition, small line-breadth was recorded on the static 1 H NMR spectrum of the NEt 2 Pr 2 BBu 4 crystal. In ordinal compounds, dipoledipole interactions among hydrogen atoms make line-widths of a few tens of ppm on a static 1 H NMR spectrum. This fact also supports isotropic reorientation of both ions in the NEt 2 Pr 2 BBu 4 crystal. 13 C NMR spectra also indicate isotropic reorientation of the ions in the crystal, because only slight CP effects and narrow line-widths were recorded on the static spectra, as shown in Figure 4d .
In the case of NEtPr 3 BBu 4 , a low melting point of 295.2 K was obtained by DSC measurement. Because of the low T mp , we could obtain 1 H and 13 C NMR spectra in partially fused samples, as shown in Figures 4e and 4f. In addition, σ measurements showed low activation energies for self-diffusion in these crystals. This result suggests that the mechanism of ion transfer is analogous to molecular plastic crystal rather than ordinal ionic plastic crystal assembled by a globular ion and a non-globular counter ion. In the case of BEt 3 Me salts, isotropic reorientation is reported in NEt x R (4−x) BEt 3 Me (x = 1 -3, R = Me, Pr) [30] . In contrast, it was detected in two BBu 4 compounds of NEt 3 PrBBu 4 and NEt 2 Pr 2 BBu 4 ( NR 4 BBu 4 (R = Me, Et, Pr, Bu, Pen) has no plastic-crystal phases [31] ). This difference between BBu 4 and BEt 3 Me can be considered as a collision between the long alkyl chains of anion and cation.
Comparing With BEt 3 Me Salts
